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Abstract Theperformanceof MnO, cathodesin rechargeablesolid-state alkalineZn/ MnO, batteriescanbe enhancedby nanostructuringand by introducingcation and oxygenvacanciesnto the crystal
structure of MnQO,. Howeverthe mechanisnof this enhancementasnot beeninvestigatedn detail. We applyab initio densityfunctionalcomputationalmethodsto studythe mechanisnof hydrogenion
insertion into the structuresof | -, R, and ‘- MnO, polymorphscontaining cation vacanciespxygenvacanciesand surfaces Our calculationsshow that the presenceof bulk defects and surfaces
significantlychangesthe binding energiesof hydrogenions inserted into the crystal structuresof MnO, polymorphs The results of our study show that surfacesand structural defects have a strong

Influenceon the electrochemicapropertiesof MnQ..

Background and Motivation

Alkaline Zn/MnQ, batteries offer great promise for large-scale
electrical energy storage and load-levelling applicationsdue to
their environmental safety, low cost, and high energy density?
Most Zn/MnQ, batteries use electrolytic gMnQO, as an active
cathode material becauseof its broad availability at low cost
Electrolyticg-MnQO,, which canbe viewedasan intergrowth of b-
MnO, and RMnO, phases, has a highly disordered crystal
structure and contains a large number of structural defects?
Previousstudies have shown that the performanceof /-MnQ,
cathodes in Zn/MnQ, batteries can be enhanced by nano
structuring and by introducing oxygenand cation vacanciesnto
the crystallattice of MnQ,.3°

Research Goals

Thefirst-electron (0 G« Gl) reductionreactionin the Zn/MnG,
battery cathode is governed by proton intercalation into the
solidphaseof MnQ,,

MnO, +xH,O+xe> WMnO, . (OH), +xOH"
In a simplifiedform, this reactioncanbe written as
MnO, + xH* + xe> WMnO, . (OH).
Toinvestigatethe influenceof structuraldefectsand surfaceson

b) R-MnO, c) ¥-MnO,

FIG. 3. Optimized structures of protonated R, and’ -MnQO, polymorphs

containing Mn vacancies.

Phase Without Defect With Mn-Defect
Structure  AEpg Structure (AEpn)g  V AV
(eV) (eV) A? %
Ié; MnysOgH  -0.76 MngOgHsx -1.05 115.47 2.67
R MngsOgH  -0.82 MngOgHs -0.73 120.06 0.03
Y MngO12H  -0.98 MnsO12H35 -0.93 174.52 0.62

TAB. 3. Binding energies of hydrogen ions inserted bnrtdR, and’ -MnQO,

polymorphs containing Mn vacancies.

Ourcalculationsshowedthat| -MnQO, hadthe lowestenergyof
Mn vacancyformation, followed by that of the Rand! phases
The energyof a hydrogenion insertedinto a Mn-defected! -
MnQO, was approximately30 meV/MnG, lower than that for a

non-defected) -MnQO,. In contrast, the energiesof

hydrogen

lons inserted into Mn-defected R- and ! -MnQO, were about 5-
10 meV/MnG, higherthan thosefor non-defectedstructures

Phase Structure Miller plane Surface energy  AE,-AE.P
(3/m?) (3/m?)

16, MngOj¢ 110 0.93 0.00
Mn4Og 100,010 1.14 0.21

R MngO16 001 0.79 -0.14
Mn4Osg 100 1.09 0.16

v Mni2024 001 0.90 -0.03
Mni9094 100 1.16 0.23
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FIG.7. Optimized structures of protonated surfaceb-nQ..

(0p)

the electrochemicalproperties of MnO, cathodes,we studied
the mechanismof hydrogenion insertioninto the b-, R-, andT -
MnQO, polymorphscontaining Mn vacancies,O vacanciesand
surfaces

Computational Methods

A first-principlesdensity functional pseudopotentialmethod was a) B-MnO;
employedin this study. The calculationswere carried out using FIG. 4. Optimized structures Iof, R, and’ -MnO, polymorphs containing O vacancies.
the Quantum ESPRESHOpEN-Source Packagefor Researchin

Hectronic Sructure, Smulation, and Optimization) electronic R ?l\flo f) (A\E? o L ’ j\ FIG.8. Optimized structures of protonated surfaces-Mri,.
structure code’ The exchangecorrelation energywas evaluated 5 MmOr 0125 3.67 0.00 100 148

using the GGAPBEsolfunctional® Norm-conserving ultrasoft B MuO; 0125 3.19 0.48 1241 586

Vanderbilt pseudopotentialswere utilized in the calculations ) MngO1;  0.083 3.06 0.61 1755 270

Structuraloptimizationwasperformedusingthe BFG%ilgorithm ¢! . ® n® C2NXYIGA2Y Sy SNHA Da Roakd-W, OStt @2t dz2ySa 6+0% FyR k+x 27

polymorphs containing O vacancies.

Results and Discussion

FIG. 5. Optimized structures of protonated R, and’ -MnO, polymorphs FIG.9. Optimized structures of protonated surfaces-Mn0,.

FIG. 1. Optimized structures lof, R, and’ -MnO, polymorphs. containing O vacancies. —_— S \iller Hydrogen Crystal Surface  Bulk Crystal
MnOs AE \Y (‘_1 3) Phase Without Defect With O-Defect plane position AEy (eV) AEy (eV)
Phhase (meV/MnOg)  Calculated Experimental e (f? Pructe EiE}OJ " L f\ 8 MnsO1H 110 lll:fl-ft:“ 111 0.76
p 0 108.4 111.2 8 MuyOsH — -0.76 Mn,O7H 0.9 117.65 2,67 oy Lo
R 20 117.2 119.2 R MnsOsH ~ -0.82 Mn,O;H -0.89 125.02 0.03 Miny Og 010 Ceface .05
8 23 170.9 175 2 . MngO12H  -0.98 MngO1(H -0.97 177.09 0.62 1 Layer o
¢1.d MO C2NNIGAZ2Y Sy SNAK-Sand VG, polyyidphsO S £ £ B2 E?J?Qj@ée”pec:@ir%f;hhggﬁ’;zi‘r‘]’gso"\‘;igﬁgig:f@ and’ -MnG, B MnsO o] 001 surface 124 0.2
Thecomputedstructuresand formation energiesof the modeled  \ve found that [ -MnO, had the lowest energyof O vacancy | 1_"‘"1"“-“-‘“ o
b-, R, andl -MnQ, polymorphswere in goodagreementwith the  formation, followed by that of the R and i phases The e o -
resultsof our previousstudy™ energiesof hydrogenions insertedinto O-defectedi - and R- : o o 1; Tj —
A. Hydrogen ion insertion into Mn@polymorphs MnG, were 23 meV/MnG, & 7 meV/IMnG, lower, respectively, g 0
containing Mn and O vacancies than those for non-defected structures The energies of 100 e a6

hydrogenions inserted into O-defected and non-defected -
MnQO, were approximatelythe same

1%t layer -1.12
TAB. 7. Binding energies of hydrogen ions attached to and inserted under the

B. Hydrogen ion attachment to the surfaces and surfaces ob -, R, and’ -MnG, polymorphs.

insertion under the surfaces of Mngpolymorphs Accordingto our calculationsthe lowest energysurfacesfor b-, R,
and[ -MnQO, polymorphswere 110 & 010, 001 & 110, and 001 &

100, respectively The energiesof hydrogenions attached to and
Inserted just under the surfacesof b-, R, andf -MnQ, polymorphs
were found to be significantlylower than thosefor bulk MnQ.,

a) B-MnO; (110) b) R-MnO; (001) c) ¥-Mn0, (001)
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FIG. 2. Optimized structures lof, R, and’ -MnQ, polymorphs containing Mn vacancies.

| o Summary
Phase Structure  Mn-defect AEs, AEyn-AEy PV AV
oy (v w " B} d)B-Mn0, (010) € R-MnO; (100) £)¥-Mn0; (100) Our study demonstratesthat the presenceof bulk defects and
per vintJg ev ev Vs /0 . A a0 o - . .
o — — — : | i 4 surfacessignificantlychangeshe bindingenergiesof hydrogenions
[ Mn , .25 .86 ) 2.5 3.78 oy W 2 2 & | . .
| T A * | inserted into the structuresand attachedto the surfacesof MnQ,
R Mn3OsHy 0.250 0.44 0.4 120.0 2.39 ~. o
o ] | | polymorphs The results of our study indicate that surfacesand
v MmOt 0167 0.39 R A 140 | : y ¥ oy structural defects play an important role in the electrochemical
¢! . ® HP C2NNI UAZ2Y SYSNHA D& Roahdd-MiO, OS{ f @2t dzxy.Sa o+t02 | VR Kk + 27 : : :
polymorphs containing Mn vacancies. FIG.6. Optimized structures of the lowest energy surfacés, dt,andl -MnQ.. reductionof Mn02 In rEChargeablin/ Mn02 batteries
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